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Abstract  

Most of  t h e  mater ia l  of chondr i tes  was heav i ly  reprocessed i n  the  e a r l y  

s o l a r  system, and hence r e t a i n s  only a dim memory o f  i t s  i n t e r s t e l l a r  o r i g i n  

even i n  the  l e a s t  a l t e r e d  me teo r i t e s .  

2+ material, seems t o  have taken up Fe 

Chondrites and 

Opaque mat r ix ,  t he  most p r i m i t i v e  

and changed i t s  mineralogy and t e x t u r e .  

Ca,Al-rich inc lus ions  have been f u r t h e r  a l t e r e d  by melt ing,  

ox ida t ion  o r  reduct ion ,  l o s s  of  v o l a t i l e s ,  etc. Nonetheless,  small amounts 

o f  e x o t i c  components have surv ived ,  a s  i nd ica t ed  by i s o t o p i c  anomalies.  

d u s t  component enr iched i n  0l6 is  t h e  most abundant and widespread. 

i n  

A 

I t  surv ives  

Ca,Al-rich inc lus ions  as anomalous s p i n e l  g r a i n s ,  bu t  i s  recognizable  even 

i n  h igh ly  evolved meteor i tes  and p l a n e t s  from v a r i a t i o n s  i n  bulk oxygen i s o t o p i c  

composition. A few inc lus ions  show small nuc leosyn the t i c  anomalies f o r  many 

elements (Si ,  Ca, T i ,  C r ,  S r ,  Ba, Nd, Sm), always coupled with mass f r a c t i o n a t i o n  

of several of t hese  elements,  as well as 0 and Mg. Seven e x t i n c t  r ad ionuc l ides  

(Alz6 ,  Ca4’, MnS3, Pd107, 112’, Sm146, and P u * ~ ~ )  have been recognized from their 

decay products,  and provide c lues  t o  t h e  chronology and nuc leosynthe t ic  sources  

of t he  e a r l y  s o l a r  system. 

Highly volat i le  elements,  such as C,  N, and the  noble  gases ,  show 

e s p e c i a l l y  la rge  and numerous i s o t o p i c  anomalies.  The noble-gas components 

22 inc lude  Ne-E (monoisotopic Ne22 from the  B +  decay of 2.6a Na ) , Xe-HL (enriched 

2- fo ld  i n  the  l i g h t  and heavy i s o t o p e s ) ,  and Xe-S (enriched i n  t h e  even- 

numbered, middle  i so topes  128, 130, and 132) .  They a r e  loca ted  i n  c a r r i e r s  

which themselves a r e  anomalous, e . g .  carbon enriched up t o  2 .4- fo ld  i n  C o r  

deple ted  by >30% i n  N1’, o r  s p i n e l  enr iched i n  0l6 and C13 .  Other anomalies 

include ni t rogen enriched 2-fold i n  N1’ and hydrogen enriched 5- fo ld  i n  D - 

probably r e l i c t  i n t e r s t e l l a r  molecules.  

seem t o  be required:  

13 

A v a r i e t y  of  as t ronomica1,sources  

novae, r ed  g i a n t s ,  supernovae, and molecular c louds.  
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1. In t roduct ion  

A l l  m e t e o r i t i c  mat te r  o r i g i n a l l y  came from ou t s ide  t h e  s o l a r  system 

and thus  is  e x o t i c  i n  the  broadest  sense o f  t h e  term. 

material was reprocessed i n  t h e  early s o l a r  system (by vapor i za t ion ,  mel t ing ,  

mixing, i s o t o p i c  exchange, chemical r e a c t i o n s , e t c . ) ,  and became i s o t o p i c a l l y  

homogeneous. 

t h e  term "exotic" o r  "preso lar f f  f o r  material t h a t  s t i l l  r e t a i n s  an anomalous 

i s o t o p i c  s i g n a t u r e .  

s epa rab le  g r a i n s ,  bu t  o f t e n  has been a s s imi l a t ed  by l a r g e  amounts o f  l o c a l  

matter, and i s  recognizable  only by i t s  anomalous i s o t o p i c  composition. 

Q u a l i t a t i v e l y ,  a similar p i c tu re  may be expected f o r  comets. 

However, much o f  t h i s  

Such commonplace mater ia l  i s  p rope r ly  c a l l e d  " loca l , "  leav ing  

Exot ic  mater ia l  sometimes occurs  as d i s c r e t e ,  p o t e n t i a l l y  

But as 

comets formed i n  more d i s t a n t ,  cooler p a r t s  o f  t he  s o l a r  system, reprocess ing  

may have been less i n t e n s i v e  and pervasive.  

less processed and less dominant, with the e x o t i c  ma te r i a l  more abundant and 

d i v e r s e .  

f o r  i n t e r p r e t a t i o n  of cometary da ta .  

p r o p e r t i e s  and c l a s s i f i c a t i o n  of  chondri tes  (S2) and then t h e i r  l o c a l  and 

e x o t i c  components (§3 and 4 ) .  

Thus t h e  l o c a l  material may be 

Nonetheless,  p r imi t ive  meteori tes  are a good frame o f  r e fe rence  

I s h a l l  t h e r e f o r e  f irst  review t h e  

2 .  ProDert ies  and C l a s s i f i c a t i o n  o f  Chondrites 

Chondrites a r e  s tony meteori tes  conta in ing  chondrules ,  mm-sized s i l i c a t e  

sphe ru le s  t h a t  appear t o  be frozen d rop le t s  o f  a melt. They c o n s i s t  l a r g e l y  of 

o l i v i n e  [ (Mg,Fe)2Si04], orthopyroxene [(Mg,Fe)Si03], and p l a g i o c l a s e  f e l d s p a r  

[ s o l i d  s o l u t i o n  o f  CaA12Si208 and NaA1Sig08]. 

g l a s s  occurs  i n  p l ace  o f  c r y s t a l l i n e  f e l d s p a r .  

In  t h e  more p r i m i t i v e  chondr i t e s ,  

Chondrules are embedded i n  a ground-mass or matrix.  In  the l e s s  p r i m i t i v e  
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chondr i t e s ,  t h e  mat r ix  is somewhat f ine r -g ra ined  than t h e  chondrules,  bu t  

o therwise  has t h e  same mineralogy and composition. 

o f  metal (nickel- i ron with 5-60% Ni) and t r o i l i t e  (FeS) are a l s o  p re sen t .  

In  t h e  more p r imi t ive  chondr i t e s ,  a t  least  p a r t  of t h e  matr ix  i s  very f i n e -  

gra ined  ( t o  -10-6cm) and r i c h e r  i n  Fe2+ than  are the chondrules ,  

Mil l imeter-s ized g r a i n s  

Five chondrite classes are recognized,  d i f f e r i n g  i n  the  propor t ions  o f  

ox id ized  t o  reduced i r o n .  E n s t a t i t e  (=E) chondr i tes  are h igh ly  reduced, 

con ta in ing  i ron  only as metal and FeS. Carbonaceous (=C) chondr i tes  are 

h igh ly  oxidized,  conta in ing  mainly Fe2+, Fe3+, and l i t t l e  o r  no Feo. 

middle ground i s  occupied by 3 classes of in te rmedia te  ox ida t ion  s t a t e  and 

The 

v a r i a b l e  i ron  conten t :  H ,  L ,  and LL chondr i t e s ,  (The l e t t e r s  r e f e r  t o  t o t a l  

i r o n  content :  

o rd ina ry  (=O) chondr i tes .  

h igh ,  - low, and - -  low-low.) C o l l e c t i v e l y ,  they  are o f t e n  c a l l e d  

Van Schmus and Wood (1967) have f u r t h e r  subdivided each o f  t h e s e  c l a s s e s  

i n t o  "petrologic  types,"  numbered from 1 t o  6.  

designed t o  r e f l e c t  i nc reas ing  chondrule-to-matrix in te rgrowth  (probably due t o  

thermal metamorphism i n  t h e  me teo r i t e  pa ren t  bodies ,  a t  T up t o  l l O O " C > ,  b u t  

have tu rned  out t o  c o r r e l a t e  well with compositional t r ends ,  e .g . ,  v o l a t i l e  

These types were o r i g i n a l l y  

conten t .  

h ighe r  types having accre ted  e a r l i e r ,  and t h e r e f o r e  being loca ted  i n  deeper and 

Probably these  types r ep resen t  an a c c r e t i o n  time sequence, the 

warmer loca t ions  i n  t h e  parent  body. 

Only the  most p r i m i t i v e  chondr i tes ,  up t o  p e t r o l o g i c  type  3 ,  are of 

i n t e r e s t  t o  us ,  as they  are l e a s t  a f fec ted  by metamorphism and hence have b e s t  

preserved t h e i r  e x o t i c  components as well as a record o f  processes  i n  t h e  s o l a r  

nebula .  Regret tably,  even these  meteor i tes  are n o t  p r i s t i n e .  Types 1 and 

2-found only among C-chondrites-have undergone hydrothermal a l t e r a t i o n  i n  
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t h e i r  pa ren t  bodies  (DuFresne and Anders, 1962; Clayton and Mayeda, 1984).  

Type 3, i n  t u r n ,  has  been s l i g h t l y  metamorphosed, a t  T up t o  -300-4OO0C. 

For tuna te ly  the  least  metamorphosed Type 3 ' s  can be recognized from t h e i r  

low thermoluminescence s e n s i t i v i t y  and o t h e r  cr i ter ia ,  and on t h i s  b a s i s ,  

Type 3 ' s  have been divided i n t o  10 subclasses ,  3.0 t o  3 .9  (Sears e t  a l . ,  1980; 

Anders and Zadnik, 1985). 

C 3  chondr i tes  conta in  a minor but very important t e x t u r a l  component: 

mm-sized, o f t e n  i r r e g u l a r  inclusionsof  r e f r a c t o r y ,  Ca, Al- r ich  b u t  Si-poor 

minerals  such as mel i l i t e ,  Ca2(A12,MgSi)Si0 or s p i n e l ,  MgA1204. They are 

known by the  acronym C A I .  

7 

3 .  "Local" Components of Chondrites and Thei r  Origins  

To a f irst  approximation, chondri tes  a r e  condensates from t h e  s o l a r  

nebula ,  as f i rs t  recognized by Wood (1958). Thus a convenient i f  overs impl i f ied  

framework f o r  i n t e r p r e t i n g  chondri tes  i s  t h e  equi l ibr ium condensation sequence 

of  a s o l a r  gas (Larimer, 1967; Grossman, 1972; L e w i s ,  1972; Grossman and 

Larimer, 1974). Fig.  1 shows t h i s  sequence. A more d e t a i l e d  ve r s ion  of  

t h e  300 -1800K por t ion  is given i n  Fig. 2 .  A s  chemical equi l ibr ium i s  

independent of t h e  pa th ,  t hese  diagrams apply equa l ly  well t o  i s o b a r i c  

h e a t i n g  o r  cool ing  and t o  isothermal  compression. 

F ig .  1 he lps  r a t i o n a l i z e  t h e  composition o f  p l a n e t s  and o t h e r  small 

The inner p l ane t s  and the  a s t e r o i d s  c o n s i s t  bodies  i n  t h e  s o l a r  system. 

only  o f  rock; comets and the  s a t e l l i t e s  o f  t he  o u t e r  p l a n e t s  c o n s i s t  o f  

rock and ice ,  whereas t h e  o u t e r  p l ane t s  c o n s i s t  of rock, i c e ,  and gas .  

- 

This appeal ing p i c t u r e  i s  overs impl i f ied  i n  s e v e r a l  r e s p e c t s .  (1) The 

va r ious  chondr i te  c l a s s e s  d i f f e r  somewhat i n  bulk composition (Fe/Si ,  Mg/Si, 

Ca/Si, e t c . ) ,  and so  a t  b e s t  on ly  one class can be a t o t a l  condensate ,  A l l  

o t h e r s  must have been f r a c t i o n a t e d ,  presumably by ga in  o r  l o s s  o f  major 
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condensates (Larimer and Anders, 1970).  ( 2 )  Thenebula was no t  wholly 

gaseous; some p r e s o l a r  s o l i d s  surv ived  (Clayton e t  a l . ,  1973, see a l s o  54 ) .  

(3) Chemical equi l ibr ium may not  have been reached,  e s p e c i a l l y  a t  lower 

temperatures .  (4) The composition may have devia ted  from s o l a r ,  owing 

t o  gas-dust  f r a c t i o n a t i o n s ,  e tc .  

a good frame of re ference ,  y i e l d i n g  d e t a i l e d  p r e d i c t i o n s  t h a t  can be compared 

with observa t ions .  

Nonetheless,  the condensation diagram is 

I s h a l l  review t h e  p r i n c i p a l  components of  chondr i tes  

a g a i n s t  t h i s  framework. 

3(a)  Matrix 

Only a few me teo r i t e s  o f  p e t r o l o g i c  types  3.0 t o  3.4 have r e t a ined  

p r i s t i n e  matrix,  unaf fec ted  by metamorphism o r  hydrothermal a l t e r a t i o n  

(Wood, 1962; Huss e t  a l . ,  1981; Nagahara, 1984). This opaque ( o r  " H u s ~ ~ ' )  m a t r i x  

conta ins  micron- t o  submicron-sized s i l i c a t e  g r a i n s ,  amorphous material, and 

submicron-sized g r a i n s  of F e - N i ,  FeS, and Fe304. 

Fe*+-content of  t h e  s i l i ca t e s  ( t h e  o l i v i n e  has  up t o  50 mol % Fe2Si04),  

are cons i s t en t  with equi l ibr ium i n  a s o l a r  gas a t  5400K (Grossman, 1972): 

The Fe304 and t h e  h igh  

3Fe + 4H20 Fe304 + 4H2 (1) 

2MgSi03 + 2Fe + 2H20 2 Fe2Si04 + Mg2Si04 + 2H2 (2) 

In  a s o l a r  gas,  r e a c t i o n  (1) goes t o  the  r i g h t  below 400K, whereas r e a c t i o n  (2) 

reaches 50 mol % Fe2Si04 a t  470 +40K. 

Was t h e  matrix t o t a l l y  reprocessed i n  t h e  s o l a r  nebula o r  has i t  r e t a i n e d  

some o f  i t s  exo t i c  f e a t u r e s ?  

must be exo t i c ,  s i n c e  they are i s o t o p i c a l l y  anomalous (§4 (d ) ) .  

know embarrassingly l i t t l e  about t h e  bulk  of opaque matrix, as it has been 

recognized only r e c e n t l y  and has n o t  rece ived  much s tudy-in c o n t r a s t  t o  t h e  

A t  least  some of t h e  minor components o f  mat r ix  

However, we 
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more common b u t  less p r i m i t i v e  types of mat r ix  (Ashworth, 1977; Hutchison 

e t  a l . ,  1979).  One f e a t u r e  t h a t  suggests major reprocess ing  i n  t h e  s o l a r  

nebula is  t h e  high Fe and Fe304 content .  

heterogeneous,  and are ba re ly  fas t  enough a t  the  high temperatures  (400- 500K) 

14 3 and d e n s i t i e s  [n (H2) -10  - 

They would be many o rde r s  of magnitude t o o  slow a t  t h e  condi t ions  o f  a 

molecular cloud (T< 50K,n = 10 /cm ) .  The r equ i r ed  combination o f  moderate T 

and l a r g e  - n(H2) is not  a v a i l a b l e  i n  any known as t rophys ica l  environment o t h e r  

than  t h e  s o l a r  nebula .  

2+ Reactions (1) and (2) are 

/cm ] of  the s o l a r  nebula  (Larimer and Anders, 1967).  

6 3  - 

* 

Actua l ly ,  r e a c t i o n s  (1) and (2) could proceed a t  h ighe r  temperatures  

i f  t h e  H20 /H 

r a t i o  would be  by a dus t /gas  f r ac t iona t ion ,  s i n c e  dus t  i s  a major c a r r i e r  

of  oxygen (Larimer and Bartholomay, 1983; Wood, 1984).  A s  dus t  would tend  

t o  s e t t l e  toward t h e  nebular  midplane 

such f r a c t i o n a t i o n  i s  expected. 

r a t i o  were g r e a t e r  than s o l a r ,  The easiest  way t o  raise t h i s  2 

where acc re t ion  takes  p l a c e ,  some 

We s h a l l  r e t u r n  t o  t h i s  problem i n  53(b). 

Granted t h a t  Fe2+ and Fe304 contents o f  mat r ix  were e s t a b l i s h e d  i n  t h e  

s o l a r  nebula ,  it does n o t  follow tha t  a l l  o t h e r  f e a t u r e s  were, t oo .  Very 

l i t t l e  work has  been done on matr ix;  i n  p a r t i c u l a r ,  no sys temat ic  search  has  

La,.. urjb,ll made fnr s l l rv iv ing  i n t e r s t e l l a r  f e a t u r e s .  Severa l  i s o t o p i c a l l y  

anomalous, hence p r e s o l a r  components have been found i n  chondr i tes  

* 
There i s  a minor loophole i n  t h i s  argument. If t h e  i r o n  i n  i n t e r s t e l l a r  

g r a i n s  was very f i n e l y  d ispersed  (monolayer o r  i nd iv idua l  atoms) a t  some 

s t a g e  o f  i t s  h i s t o r y ,  then it may have become oxidized p r i o r  t o  i t s  a r r i v a l  i n  

the  s o l a r  system. However, such u l t r a f i n e  material would react with t h e  

nebu la r  gases dur ing  i ts  reorganiza t ion  t o  l a r g e r  c r y s t a l s ,  and so i t s  f i n a l  

ox ida t ion  s t a t e  would s t i l l  be e s t ab l i shed  i n  the  nebula .  
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[C, H ,  N, and noble  gases;  §4 (d ) ]  and though none o f  them have been seen 

i n  s i t u  - o r  otherwise conclus ive ly  l inked  t o  ma t r ix -  t h e i r  presence shows 

t h a t  a t  least some h e a t - s e n s i t i v e  p r e s o l a r  components got  i n t o  meteor i tes  

without  se r ious  damage. Thus it is  q u i t e  conceivable  t h a t  matr ix  o f  p r i m i t i v e  

meteor i tes  i s  only l i g h t l y  reprocessed i n t e r s t e l l a r  dus t  (Wood, 1963, 1981; 

Anders, 1965; Cameron, 1973; D . D .  Clayton, 1982; HUSS, 1986).  This i s  a 

t e s t a b l e  propos i t ion  t h a t  should be checked experimental ly .  

3/b)  Chondrules 

Chondrules formed by f l a s h  mel t ing  o f  p r e - e x i s t i n g  s o l i d s ,  no t  by 

d i r e c t  condensation from gas (Nagahara, 1981; Wood, 1984).  The mel t ing  

time was s h o r t  (seconds t o  minutes) ,  judging from the f a i l u r e  o f  t h r e e  

r e a c t i o n s  t o  go t o  completion: l o s s  o f  Na and o t h e r  v o l a t i l e s  (Schmitt  e t  a l . ,  

1965; Tsuchiyama e t  a l . ,  198l), reduct ion  of Fe2+ t o  Fe by nebular  hydrogen, 

(Wood, 1984),  and i s o t o p i c  exchange with oxygen of  t h e  nebula  ( R . N .  Clayton, 

1981). The cooling time l ikewise  was s h o r t  (seconds t o  hours ,  depending on 

t e x t u r a l  t ype ) ,  as shown by labora tory  experiments (Tsuchiyama e t  a l . ,  1980; 

Planner and Keil, 1982; Nogahara, 1983).  

The s h o r t  cool ing t imes imply t h a t  t he  chondrule-forming reg ion  was 

small, allowing r ap id  h e a t  l o s s  by r a d i a t i o n .  

chondr i te  c l a s ses  r equ i r e s  a t  least  5 s e p a r a t e  domains, d i f f e r i n g  i n  

oxida t ion  s t a t e ,  bulk chemistry,  and oxygen i so tope  composition. 

The ex i s t ence  o f  5 major 

Chondrules a r e  complementary t o  o t h e r  major components of  t h e  meteor i te  

(metal, t o t a l  matr ix) ,  being deple ted  i n  s i d e r o p h i l e s  and v o l a t i l e s  b u t  

enr iched  i n  r e f r ac to r i e s  (Grossman and Wasson, 1983, 1985; Wood, 1984).  

I n t e r e s t i n g l y ,  the bulk chondr i te  always is  c l o s e  t o  s o l a r  composition, 
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which sugges ts  t h a t  t h e s e  components a r e  cogenet ic  and accre ted  comprehensively. 

The pa ren t  material may have been the opaque matrix, perhaps a f t e r  a pre l iminary  

s t a g e  o f  reprocess ing  (Rambaldi and l a s son ,  1984).  I t  i s  important  t o  

d i s t i n g u i s h  t h i s  p r i m i t i v e ,  opaque matrix from more f r a c t i o n a t e d  and r e c r y s t a l -  

l i z e d  types ,  which probably represent  " f a i l e d  chondrules": material t h a t  

overshot  o r  undershot t h e  melt ing range (Wood, 1984).  

Chondrule formation seems t o  have involved some recyc l ing ,  as demonstrated 

by r e l i c t  c r y s t a l s  (Nagahara, 1981; Rambaldi e t  a l . ,  1983) and compound 

chondrules (Gooding and Kei l ,  1980). I t  was followed by a c c r e t i o n  o f  rims 

of ma t r ix - l ike  material (Allen e t  a l . ,  1980). 

I t  seems t h a t  chondrule formation was a pervas ive  process  t h a t  

occur red  throughout t h e  i n n e r  s o l a r  system and reprocessed some SO-90% o f  

t h e  material. The i n n e r  p l ane t s  are  deple ted  i n  some o f  t h e  same elements 

as t h e  chondr i tes  (e .g .  a l k a l i s ,  S ,  Se,  Ga, Ge, etc.)  and by Occam's Razor, 

it seems reasonable  t o  invoke the same process  (Morgan and Anders, 1980).  

The mechanism o f  chondrule formation has no t  y e t  been conclus ive ly  

The complementarity of chondrules and matrix speaks aga ins t  i d e n t i f i e d .  

models t h a t  make chondrules and matrix i n  d i f f e r e n t  p l aces  and mix them 

af te rwards .  The msst ;rsmisir?g mnrlel involves  hea t ing  o f  i n t e r s t e l l a r  matter 

as it f a l l s  i n t o  t h e  s o l a r  nebula .  Direct " i n f a l l  heat ing" by aerodynamic 

drag (Wood, 1984, 1985) t u r n s  ou t  t o  be q u a n t i t a t i v e l y  inadequate ,  bu t  h e a t i n g  

by v iscous  i n t e r a c t i o n  with the  nebula seems more promising (Wood, 1986).  

The chondrule-forming zone i n  t h i s  model is a t h i n ,  ho t  l a y e r  o f  t h e  nebula ,  

as implied by t h e  s h o r t  cool ing  times of  chondrules .  However, t h i s  model 

i s  very  r ecen t ,  and s t i l l  has  t o  pass q u a n t i t a t i v e  tes ts .  
2+ The redox s t a t e  ( i . e . ,  Fe content of  o l i v i n e )  o f  p r i m i t i v e  chondrules 
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i s  q u i t e  var iab le  even wi th in  a s i n g l e  chondrule,  ranging fromless than 

1 t o  40 atompercent. A t  1500K i n  a s o l a r  gas ,  t he  equi l ibr ium va lue  would 

be only 0.001%, and so e i t h e r  t h e  gas was non-solar  o r  t he  pa ren t  ma te r i a l  

was h igh ly  oxidized and d id  n o t  f u l l y  e q u i l i b r a t e  with t h e  ambient gas 

upon mel t ing ,  

t h a t  Fe2+ contents of  0 .5  t o  30 atom pe rcen t  could be a t t a i n e d  i f  dus t  were 

enr iched  10 t o  10 - fo ld  r e l a t i v e  t o  gas ,  thus  r a i s i n g  t h e  H20/H2 r a t i o  

i n  t h e  system, 

with t h e  nebula, a s  they  d id  no t  reach uniform Fe2+ con ten t s ,  d i d  n o t  l o s e  

a l l  t h e i r  v o l a t i l e s ,  and d id  n o t  i s o t o p i c a l l y  e q u i l i b r a t e  t h e i r  oxygen. 

More l i k e l y  , chondrules formed from an Fe2+-r ich p recu r so r  (opaque mat r ix  

o r  a reprocessed d e r i v a t i v e  t h e r e o f ) ,  which was p a r t i a l l y  reduced and 

d e v o l a t i l i z e d  on melt ing.  

Wood (1984) , who favors  t h e  former a l t e r n a t i v e ,  has shown 

2 4 

However, it seems un l ike ly  t h a t  chondrules f u l l y  e q u i l i b r a t e d  

Even f o r  t h e  h ighly  reduced E-chondri tes ,  it appears t h a t  t h e  p recu r so r  

material was r e l a t i v e l y  oxid ized  (Rambaldi e t  a l .  , 1984).  Conditions must 

have become more reducing with t ime (Grossman e t  a l . ,  1985) , presumably due 

t o  a dust-gas  f r a c t i o n a t i o n  i n  t h e  nebula t h a t  r a i s e d  the  C / O  r a t i o  

above t h e  c r i t i c a l  va lue  of 0 .8  (Larimer, 1975; Larimer and Bartholomay, 

1979, 1983). 

3(c)  Ca, Al-Rich Inc lus ions  ("CAI I s ' ' ) *  

Chemically and minera logica l ly ,  C A I ' s  look l i k e  an e a r l y  condensate from 

a s o l a r  gas (Larimer and Anders, 1970; Marvin e t  a l . ,  1970; Grossman, 1972).  

* 
The l i t e r a t u r e  on t h i s  t o p i c  i s  v a s t .  For a more thorough t r ea tmen t ,  s e e  

Grossman (1980) , Wood (1981) , Wark and Lovering (1982) , Kornacki and Wood 

(1984) , and Huss (1986). 
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They con ta in  the  s u i t e  o f  r e f r a c t o r y  minerals and trace elements expected 

t o  condense i n  the  f irst  -6% of t h e  "rock" f r a c t i o n ,  between 1800 and 1400K 

(Fig .  2 ) .  

s a t i o n ,  and s o  some authors  have argued t h a t  C A I ' s  a r e  evaporat ion r e s idues  

(of  p r e s o l a r  matter) r a t h e r  than condensates (Kurat, 1970; D.D.  Clayton, 1975; 

Wood, 1981) .  

However, F i g .  2 app l i e s  equal ly  well t o  evapora t ion  and t o  conden- 

I t  t u r n s  out  t h a t  t he  t r u t h  l i e s  i n  between, perhaps c l o s e r  t o  the  

l a t t e r  view. In  the  most conclusive tes t  thus  far ,  Niederer and Papanastassiou 

(1984) have shown t h a t  the  i s o t o p i c  f ract ionat ion p a t t e r n s  o f  Ca and Mg r e q u i r e  

a complex sequence of both processes .  O f  course,  both are n a t u r a l  ex tens ions  

of  t h e  chondrule-forming process .  In  some cases, t h i s  process  overshot  t he  

mark, vapor iz ing  p a r t  o f  t he  chondrule and leaving  a r e s idue  enr iched  i n  

r e f r a c t o r i e s  such as Ca, A l ,  and Sc (Osborn e t  a l . ,  1974).  As t h e  vapor 

would have recondensed eventua l ly  i n  t h e  (gene ra l ly  cool)  nebula ,  t h e  

chondrule-forming process  thus  would y i e l d  condensates ,  i n  a d d i t i o n  t o  

evapora t ion  r e s idues  and f u l l y  o r  p a r t i a l l y  melted chondrules.  

Two main c l a s s e s  of inc lus ions  are recognized on the  b a s i s  of  g ra in  s i ze .  

Coarse-grained inc lus ions  are uniformly enr iched  i n  r e f r a c t o r y  elements t o  

aboct ::x V I  - p  L,A ~ b.."..r- nhnnrlri - +e -- levels [Grossman e t  a l . ,  19771, and hence 

may be  i n t e r p r e t e d  as a t o t a l  condensate 

o r  as an  eau i l ib r ium evaporat ion residue 

- -  

o f  t h e  f i r s t  6 %  o f  "rock" (Fig. 2) 

o f  t h e  l a s t  6%. The l a t t e r  view 

seems t o  be c l o s e r  t o  the  t r u t h ,  judging from t h e  presence o f  i s o t o p i c a l l y  

anomalous s p i n e l  [ § 4 ( a ) ] ,  which could n o t  have condensedfrom o r  e q u i l i b r a t e d  

with t h e  nebula .  

Fine-grained inc lus ions  have highly f r a c t i o n a t e d  abundance p a t t e r n s ,  

be ing  enr iched  i n  r e f r a c t o r i e s  (but by v a r i a b l e  f a c t o r s )  and i n  v o l a t i l e s  
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such as a l k a l i s  and halogens (Grossman and Ganapathy, 1976).  They con ta in  

no t  on ly  the usual  r e f r a c t o r y  mine ra l s ,  b u t  a l s o  f e ldspa tho ids  such as 

nephel ine  (NaA1Si04) and s o d a l i t e  (3NaA1Si04.NaC1). 

t i o n  diagram (Fig.  2 ) ,  they  can be descr ibed  as d iscont inuous  condensates ,  

which l o s t  material condensing between 1800 and -1600K ( l i g h t  l an than ides  

and o t h e r  highly r e f r a c t o r y  elements) and 1400- 1200K (metal  and s i l i c a t e ) ,  

b u t  co l l ec t ed  elements condensing i n  o t h e r  i n t e r v a l s ,  sometimes d i s p r o p o r t i o n a t e l y  

In  terms o f  t h e  condensa- 

so. 

Some important if i l l -unde r s tood  c lues  t o  t h e  formation cond i t ions  of 

coarse-grained CAI  come from lfFremdlingelf* - 10 t o  l O O p m  aggrega tes  con ta in ing  

metal; a l loys  o f  P t  me ta l s ,  Ga, Ge, Mo, Sn, and Re; Ca-phosphates; 

and s u l f i d e  o r  oxide minerals  of o t h e r  rare elements such as SC, V ,  Z r ,  Nb, 

Mo, and W (ElGoresy e t  a l . ,  1978; Armstrong e t  a l . ,  1985).  Some a l l o y s  can 

be r a t i o n a l i z e d  i n  terms o f  condensation tempera ture ,  s t r u c t u r e ,  o r  chemical 

r e a c t i v i t y ;  o t h e r s ,  such as O s  Ru Rh, cannot (Tcond=1910, 1650, and 1470K 

a t  atm; s t r u c t u r e  hcp f o r  O s ,  Ru b u t  f c c  f o r  Rh) . 
I t  seems t h a t  t h e s e  g ra ins  condensed under cond i t ions  h igh ly  conducive 

Thus atoms could choose t h e i r  t o  nuc lea t ion  and hence low s u p e r s a t u r a t i o n .  

p r e f e r r e d  condensation s i t e s  and even a rare  element such as Re was a b l e  t o  

form i t s  own phase r a t h e r  than a l l o y i n g  with t h e  p rev ious ly  condensed, 

s t r u c t u r a l l y  similar and more abundant O s .  Yet owing t o  t h e  r a r i t y  of 

t hese  metals ( s o l a r  O s / H  = 2 x 10 

O s  g r a i n  t o  form a t  P = atm, correspondingly less a t  h ighe r  P (Palme 

and Wlotzka, 1976). 

were sus t a ined  f o r  so  long a time, and how they  were r egu la t ed  t o  main ta in  low 

supe r sa tu ra t ion .  

-11 
) , it would take some 600 yea r s  f o r  a lpm 

I t  i s  hard  t o  see how t h e  r equ i r ed  h igh  tempera tures  

But t h e  growth ra te  i s  p r o p o r t i o n a l  t o  1 / P ,  and SO 

* 
German f o r  "s t rangers  ,If t o  connote a s e p a r a t e ,  poss ib ly  e x t r a s o l a r ,  o r i g i n .  
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s h o r t e r  t imes would 

argument f o r  mode 1 s 

s u f f i c e  a t  h igher  p re s su res .  

p o s t u l a t i n g  higher  p re s su res  (pro toplane ts  ; Cameron, 

Perhaps t h i s  is  an 

1978; denser  gas reg ions  surrounding p lane tes imals ;  Hayashi e t  a l . ,  1985).  

To complicate matters, the  oxide,  s u l f i d e ,  and metal phases i n  Fremdlinge 

r e q u i r e  a very wide range of oxygen f u g a c i t i e s  and temperatures 

e t  a l . ,  1985). 

O s ,  and so  t h e  same dilemma about growth time a p p l i e s ,  b u t  wi th  t h e  added 

complication of a wide spectrum o f  "microenvironments," d i f f e r i n g  i n  

oxygen fugac i ty  and gas composition. The problem c a n ' t  be solved by 

r e l e g a t i n g  it t o  some p r e s o l a r  s t age ,  as no known astronomical  o b j e c t  o f f e r s  

t h e  r equ i r ed  combination of tempera ture ,  d e n s i t y ,  time,and composition. 

Supernovae, i n  p a r t i c u l a r ,  are too  tenuous and shor t - l i ved  f o r  s i g n i f i c a n t  g r a i n  

growth. Though abundant elements such as Mg o r  A 1  can y i e l d  micron-sized 

condensates i n  the  few months ava i l ab le  f o r  condensation (Lattimer e t  a l . ,  1978), 

rare elements such as O s  cannot; an average O s  atom w i l l  have only  10 

c o l l i s i o n s  with another  O s  atom during t h e  e n t i r e  cool ing  i n t e r v a l  from 1600 t o  

0 K .  

(Armstrong 

Most of  t h e  t r a c e  elements i n  ques t ion  are about as r a r e  as 

-12 - 

By d e f a u l t ,  it seems necessary t o  invoke t h e  s o l a r  nebula  o r  t h e  me teo r i t e  

p a r e n t  bodies  as t h e  s i t e  of rhe " I I I ~ C T ~ ~ T ~ ' ~ " T O T ; ~ ~ ~ ~ S . ' '  I f  t h e  a l l o y s  formed 

by condensat ion,  then  t h e  requi red  chemical d i v e r s i t y  (espec ia l ly  t h e h i g h  oxygen 

f u g a c i t i e s )  could be achieved e i t h e r  i n  t h e  nebula  i t s e l f  o r  i n  t h e  p ro to -  

atmosphere of growing a s t e r o i d s  o r  pro toplane ts  (Cameron, 1978; Hayashi e t  a l . ,  

1985).  In the  nebula ,  high oxygen f u g a c i t i e s  could be produced by gas-dust  

f r a c t i o n a t i o n ;  i n  a protoatmosphere, by evaporat ion o f a c c r e t i n g  i c e .  In  both 

s e t t i n g s ,  f u r t h e r  v a r i e t y  would r e s u l t  from s e t t l i n g  o f  dus t  through gas reg ions  

dep le t ed  i n  c e r t a i n  elements by p r i o r  condensat ion.  
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On t h e  o the r  hand, if the  a l l o y s  formed by exsolu t ion  dur ing  metamorphism 

i n  t h e  meteor i te  parent  body (Armstrong e t  a l . ,  1985), then the requ i r ed  

changes i n  chemical environment could be caused by migra t ion  and escape of 

major v o l a t i l e s ,  such as CO, H20, H2S, etc .  

"Fremdlingett a r e  no t  s o  "fremd," a f t e r  a l l .  

I n  any event ,  it seems t h a t  t h e  

3(d) Carbon and Organic Matter 

Pr imi t ive  meteor i tes  conta in  up t o  4% C ,  with organic  carbon dominant 

i n  C l ' s  and CZ's, b u t  e lemental  carbon dominant i n  C3's (Table 1 ) .  Abundances 

of  t o t a l  C ,  H ,  and N a l s o  d e c l i n e i n  t h i s  o rde r ,  with a sha rp  drop beyond C3. 

C-chondrites of h ighe r  p e t r o l o g i c  types a r e  very rare, H4 t o  H6 chondr i tes  have 

been s u b s t i t u t e d . )  The condensation temperatures  from the  s o l a r  nebula have 

been est imated from var ious  "cosmothermometers , I 1  such a s  i s o t o p i c  f r a c t i o n a t i o n s  

o r  trace element abundances (Larimer, 1978). 

( A s  

The organic carbon c o n s i s t s  mainly of  an i n t r a c t a b l e ,  aromatic  polymer 

similar t o  coal i n  i t s  s t r u c t u r a l  u n i t s  (Hayatsu e t  a l . ,  1977),  and a v a r i e t y  

o f  e x t r a c t a b l e  organic  compounds, inc luding  a lkanes ,  a lkenes ,  a r enes ,  a lcohols ,  

carboxyl ic  ac ids ,  amino a c i d s ,  n i t rogen  h e t e r o c y c l i c s  ( inc lud ing  t h e  pur ine  

and pyrimidine bases of DNA and RNA), e t c .  (Hayatsu and Anders, 1981). 

The alkanes c o n s i s t  mainly o f  t h e  normal, s t r a i g h t - c h a i n  isomers ,  with 

l e s s e r  amounts o f  4 o r  5 s l i g h t l y  branched isomers (mono- and di-methyl) .  

As t h e r e  e x i s t  many thousands of poss ib l e  isomers ( e .g . ,  10,359 a t  C16), t h e  

dominance o f  only 5 o r  6 implies  a h igh ly  s e l e c t i v e  process  -presumably t h e  

Fischer-Tropsch s y n t h e s i s ,  which involves  c a t a l y t i c  hydrogenation o f  CO. Indeed, 

labora tory  experiments show t h a t  a l l  o rganic  compounds r e l i a b l y  i d e n t i f i e d  

i n  meteor i tes  can be produced from Co, H 2 ,  and NH3 i n  t h e  presence of c a t a l y t i c a l l y  

a c t i v e  me teo r i t i c  minera ls ,  such as Fe304 and c l ays  (S tud ie r  e t  a l . ,  1968; 
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Hayatsu and Anders, 1981). 

Fig.  3 i l l u s t r a t e s  t h e  thermodynamics of t h i s  process  i n  a s o l a r  gas .  

Let us cons ider  i s o b a r i c  cool ing  a t  10-’atm, although isothermal  compression 

a t  -400K would g ive  similar r e s u l t s ,  

A t  high temperatures  carbon exists mainly i n  the  form o f  CO. Near 600K, 

hydrogenation t o  CH4 should commence, and be 50% complete a t  590K. However, 

t h i s  r e a c t i o n  i s  very slow i n  t h e  absence of c a t a l y s t s ,  and as t h e  dominant 

minerals  a t  t h i s  temperature  (Fe, Mg-s i l ica tes ,  FeNi coated wi th  FeS) are 

very poor c a t a l y s t s  (Anders e t  a l . ,  1973), most of  t h e  CO su rv ives  metas tab ly .  

A t  520K, d i sp ropor t iona t ion  t o  C and C02 should se t  i n .  

c a t a l y s t s  are lacking ,  and so much o f  t h e  CO su rv ives .  F i n a l l y  a t  400K, t h e  

anhydrous mineral  assemblage dominant up t o  t h a t  p o i n t  (Fig. 2) t ransforms 

t o  c l ays  and Fe304, both of  which are  good c a t a l y s t s  f o r  t h e  hydrogenation o f  

CO. However, a t  t h i s  low temperature,  CH4 -though s t i l l  t h e  most s t a b l e  

p r o d u c t - i s  no longer  the  only poss ib le  one. 

form metastably,  and a c t u a l l y  do, being favored by t h e  r e a c t i o n  mechanism. 

Again, good 

Many o t h e r  o rgan ic  compounds can 

The formation of  organic  compounds thus i s  t r i g g e r e d  by t h e  appearance 

o f  c a t a l y s t s  a t  400K. Indeed, meteori tes  r i c h  i n  c l ay  minerals  (Cl ,  C2) are 

r i c h  i n  organic  compounds, wilei-eiis m e t e ~ r i t e c  p e r  i n  c l ay  minerals  (C3) 

have l i t t l e  o r  no organic  ma t t e r ,  containing most o f  t h e i r  carbon as elemental  C 

(Table 1 ) .  

The aromatic  polymer forms a s  a secondary product  i n  t h i s  scheme, by 

a romat iza t ion  of  t h e  primary a l i p h a t i c  products .  Such aromat iza t ion  i s  known 

t o  occur  on Fe20g (Galwey, 1972), and has  a l s o  been seen i n  a Fischer-Tropsch 

s y n t h e s i s  extended over  6 months (Hayatsu e t  a l . ,  1977).  
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4 .  Exot ic  Components of  Chondrites 

4 (a)  Oxygen- 16 

The most abundant and ubiqui tous  e x o t i c  component is 0l6 (Clayton 

e t  a l . ,  1973; Clayton, 1981).  I t s  presence can be demonstrated by a 

3- isotope diagram, a v a r i a n t  o f  which i s  shown i n  Fig.  4 .  On t h i s  diagram, 

a l l  samples r e l a t e d  by mass f r a c t i o n a t i o n  l i e  along a l i n e  of  s lope  1 / 2  

( r e f l e c t i n g  the  mass d i f f e rences  0 17-016 
and 0l8-Ol6) ,  whereas mixtures o f  

independent components l i e  along "mixing l i n e s "  o f  v a r i a b l e  s lope  j o i n i n g  

t h e  two components. 

A l l  t e r r e s t r i a l  and some m e t e o r i t i c  samples l i e  on t h e  f r a c t i o n a t i o n  

l i n e ,  bu t  many m e t e o r i t i c  samples do n o t ,  sugges t ing  t h e  presence o f  an 

independent component. This component i s  most c l e a r l y  cha rac t e r i zed  by t h e  

anhydrous minerals of C2 and C3 chondr i tes  ( e s p e c i a l l y  CAI), which l i e  on 

a l i n e  of s lope -1 and hence must be mixtures o f  two components o f  nea r ly  

i d e n t i c a l  017/018 r a t i o  bu t  d i f f e r e n t  0 con ten t .  The 0I6- r ich  endmember 

is  represented by s p i n e l  and pyroxeneof 60l8 = -40°/oo and 6017 = -42'/00. 

16 

The same endmember seems t o  be requi red  f o r o r d i n a r y c h o n d r i t e s  and f o r  c e r t a i n  

anomalous inc lus ions  (Clayton, 1981; §4(b)] ,  and by Occam's Razor, o t h e r  

me teo r i t e  c l a s ses .  Meteor i tes  l y ing  below t h e  terrestr ia l  l i n e  conta in  

more of  t h e  O1'-rich component than does the  Earth,  whereas those  above t h e  

l i n e  conta in  l e s s .  The l a t e r a l  d i spe r s ion  may r e f l e c t  mass f r a c t i o n a t i o n  

between s o l i d  andnebu la rgas .  For hydrothermally a l t e r e d  m e t e o r i t e s ,  i . e .  

C l ' s  and C 2 ' s ,  t he re  seem t o  have been f u r t h e r  f r a c t i o n a t i o n s  involv ing  

l i q u i d  water (Clayton and Mayeda, 1984). 

This diagram may be used t o  t r a c e  g e n e t i c  r e l a t i o n s h i p s  among me teo r i t e s  

Objects l y ing  on t h e  same f r a c t i o n a t i o n  l i n e  (e.g.  Ea r th ,  Moon) and p l a n e t s .  
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may be l inked by s imple mass f r ac t iona t ion  and hence mayhave a common o r i g i n ,  

e i t h e r  i n  the  same body o r  i n  a homogeneous region of t he  nebula .  

t h a t  do not  l i e  on t h e  same f r ac t iona t ion  l i n e  conta in  d i f f e r e n t  amounts o f  

0l6 

r e l a t i o n s h i p  between 0l6 content  and pr imi t iveness  o r  (presumed) h e l i o c e n t r i c  

d i s t a n c e .  C 1  and C2 chondr i tes ,  both more primitive than t h e  Ear th ,  l i e  on 

oppos i te  s i d e s  o f  t h e  t e r r e s t r i a l  l i ne .  

Objects  

and hence presumably come from d i f f e r e n t  bod ie s ,  There i s  no s imple 

4(b) Mg, S i ,  Ca, T i ,  Cr, S r ,  Cd, Ba, Nd, Sm 

The l i t e r a t u r e  on the  s u b j e c t s  o f  § § 4 ( b )  and 4(c)  is  v a s t ,  and cannot 

The r eade r  may wish t o  consu l t  t h e  reviews be f u l l y  covered i n  t h i s  paper .  

by Arnould (1986),  Shima (1986), Wood (1981),  Begemann (1980), and Wasserburg 

e t  a l .  (1980).  

Mg and S i  i n  C A I ' s  of t en  show evidence of  s l i g h t  mass f r a c t i o n a t i o n ,  

apparent ly  r e f l e c t i n g  condensation, evaporat ion,  o r  both (Lee and Papanastassiou,  

1974; Yeh and Eps te in ,  1978; Molini-Velsko e t  a l . ,  1983). So does Cd, a 

v o l a t i l e  trace element (Rosman e t  a l . ,  1980). 

A l l  C A I ' s  from Allende and Leoville show small (-O.8'k0) excesses  o f  

Tis0  (Niederer  e t  a l . ,  1981; Niemeyer and Lugmair, 1981, Fahey e t  a l . ,  1985).  

Presumably a sepa ra t e  dus t  component was present ,  enr iched  i n  Ti5' (D.D. Clayton, 

1981).  S imi l a r  enrichments have been found f o r  Ca (Jungck e t  a l . ,  1984) and 

C r S 4  (Birck and All;gre, 1984). 

The remaining elements a r e  i s o t o p i c a l l y  normal i n  most C A I ' s ,  bu t  show 

- f r a c t i o n a t i o n  and - un iden t i f i ed  - nuclear  effects i n  a few s p e c i a l  i n c l u s i o n s ,  

designed by t h e  acronym t tFUNt t  (Wasserburg e t  a l . ,  1977).  

48 

The FUN i nc lus ions  

a l s o  have unusual oxygen i so tope  compositions, l y ing  on mixing l i n e s  between 

a common (gas?) composition (H i n  Fig. 5) and s e v e r a l  p o i n t s  along a mass 
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f r ac t iona t ion  l i n e  AG. 

represent ing  the  anomalous dus t  component i n  t h e  nebula.  

been proposed f o r  t h e  FUN inc lus ions .  

This l i n e  emanates from the  016-rich composition A, 

Two models have 

(1) Dust component A underwent mass f r a c t i o n a t i o n ,  y i e l d i n g  s o l i d s  

B ,  C ,  D ,  e t c .  Each of  t h e s e  polyminera l ic  s o l i d s  then reac ted  with t h e  

nebular  gas H ,  under condi t ions  where only t h e  most r e a c t i v e  minerals  

achieved exchange equi l ibr ium (Blander and Fuchs, 1975). This l e f t  t h e  

minerals  s t rung  o u t  along mixing l i n e s  BH, CH, e t c .  (Clayton and Mayeda, 1977; 

Wasserburg e t  a l . ,  1977; Lee e t  a l . ,  1980). 

(2) Sol ids  A,  B ,  C ,  e t c .  are mixtures o f  two mass f r a c t i o n a t e d  

components in  a p r e s o l a r  l o c a l e ,  gas t o  the  l e f t  of  A and dus t  t o  t h e  r i g h t  

o f  G .  Upon a r r i v a l  i n  the s o l a r  system, t h e s e  s o l i d s  would p a r t i a l l y  

e q u i l i b r a t e  with nebular  gas H ,  as above (D.D.  Clayton, 1981). 

On e i t h e r  model, some ad hoc reason must be found why only t h e  h ighly  

mass f r ac t iona ted  s o l i d s  B ,  C ,  r e t a i n e d  nuc lea r  anomalies; i n  o t h e r  words, 

why i s  F coupled with UN? 

process  g rea t ly  coarsened B ,  C ,  D ,  e t c .  compared t o  A,  thus minimizing 

One p o s s i b i l i t y  i s  t h a t  a p r e s o l a r  mel t ing  

uptake of  l a t e ,  f ine-gra ined  ing red ien t s  of  t h e  s o l a r  system mix o f  heavy 

elements.  

4 IC)  Ex t inc t  Radionuclides 

Seven ex t inc t  rad ionucl ides ,  with the  h a l f - l i v e s  given i n  parentheses ,  

4 1  5 Ca (1  .O x 10 a ) ,  have l e f t  de t ec t ab le  decay products  i n  me teo r i t e s  : 

A 1  26 (7.2 x lo%) ,  Mn 53  (3.7 x 106a),  Pd107(6.5 x 106a) ,  I12’(1.6 x 10 7 a ) ,  

P ~ ~ ~ ~ ( 8 . 1  x lO’a), and Sm146(1.~3 x 108a)X Some (Ca41, A 1 2 6 ,  MnS3) have been found 

*For references,  s e e  Begemann (1980), Wasserburg e t  a l .  

(1985), Crabb and Anders (1982), Lugmair e t  a l .  (1983),  and Hutcheon e t  a l .  (1984). 

(1980), B i r c k  and Allggre 
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only i n  C A I ’ s  and o t h e r s  only i n  i rons  (Pd107), bu t  t h i s  r e f l e c t s  mainly 

d e t e c t a b i l i t y ,  no t  n e c e s s a r i l y  l imi ted  d i s t r i b u t i o n .  

occur  a t  only 

t h e i r  decay products  w i l l  be de t ec t ab le  only i f  pa ren t  and daughter  element 

have been chemically f r a c t i o n a t e d  t o  an apprec iab le  degree.  

e x t i n c t  nuc l ides  are r a r e l y  found i n  matrix, which -though q u i t e  a n c i e n t -  

i s  t h e  least  f r a c t i o n a t e d  p a r t  o f  meteor i tes .  

These nuc l ides  t y p i c a l l y  

t o  lo-’ t he  abundance o f  neighboring nuc l ides ,  and so 

For t h i s  reason ,  

The o r i g i n a l  hope t h a t  e x t i n c t  rad ionucl ides  would provide a d e t a i l e d  

r e l a t i v e  chronology o f  t h e  e a r l y  s o l a r  system has not  ma te r i a l i zed .  A t  

b e s t ,  one can ob ta in  an isochron giving t h e  r a t i o  o f  an e x t i n c t  nuc l ide  

t o  a s t a b l e  i so tope  ( e -g . ,  A 1  /A1 ) i n  a given me teo r i t e ,  r e f e r r i n g  t o  t h e  

time t h e  system became closed t o  d i f fus ion  o f  t h e  daughter  (Mg26 i n  t h i s  

example). But i f  two meteor i tes  have d i f f e r e n t  r a t i o s ,  t h i s  can re f lec t  n o t  

on ly  d i f f e r e n c e s  i n  age bu t  a l s o  d i f f e rences  i n  i n i t i a l  r a t i o s ,  given t h e  

evidence f o r  i s o t o p i c  he te rogenei ty  i n  t h e  e a r l y  s o l a r  system [54(a ,b) l .  

There is  no way of s epa ra t ing  these  two v a r i a b l e s .  

26 27 

In  view o f  t h i s  ambiguity, very l i t t l e  can be s a i d  about t h e  v a r i a t i o n  

of e x t i n c t  rad ionucl ides  with h e l i o c e n t r i c  d i s t ance .  The d i s t r i b u t i o n  of 

3L 26 27 Al’” can perhaps be t r a c e d  by its heat  effects, I t h e  usual  A 1  / A 1  r a t i o  

o f  5 x would cause even -10 km a s t e r o i d s  t o  melt. On t h i s  b a s i s ,  one 

could argue t h a t  l i t t l e  o r  no A 1 2 6  got  i n t o  the  Earth and o t h e r  t e r r e s t r i a l  

p l a n e t s ,  as t h e  h e a t  effects would be s t agge r ing  (Urey, 1955). However, as 

t h e  a c c r e t i o n  time o f  t h e  t e r r e s t r i a l  p l a n e t s  (-10 a,  Wethe r i l l ,  1980) is 7 

5 much longer  than  the  h a l f - l i f e  of  A126(7.2 x 10 a ) ,  slow a c c r e t i o n  would 

s o l v e  t h e  problem equa l ly  we l l .  An argument i n  favor  of patchy d i s t r i b u t i o n  of A126 

i s  t h e  d i f f e r e n c e  i n  r e f l e c t i o n  s p e c t r a  among t h e  l a r g e s t  a s t e r o i d s .  
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4 Vesta is  d i f f e r e n t i a t e d  t o  b a s a l t  and hence must have ex tens ive ly  

melted,  whereas 1 Ceres and 2 P a l l a s  have r e l a t i v e l y  p r i m i t i v e ,  o l i v i n e -  

magnet i te  su r faces ,  implying l i t t l e  o r  no d i f f e r e n t i a t i o n  (Gaffey and 

McCord, 1978). 

4(d) Noble Gases, C,  N ,  and H 

Seve ra l  i s o t o p i c a l l y  anomalous components of  t h e s e  elements have been 

found i n  meteor i tes .  The noble-gas components, though p resen t  a t  concentra-  

t i o n s  o f  only l o 8 -  10IOatom/g, were the  f i r s t  t o  be i d e n t i f i e d ,  and then 

served  as t r a c e r s  i n  the  search f o r  t h e i r  ( l ikewise  exo t i c )  car r ie r  phases .  

Most of  t h e s e  c a r r i e r s  a r e  carbonaceous, bu t  have no t  y e t  been f u l l y  

cha rac t e r i zed  o r  i s o l a t e d  i n  pure form. They d i f f e r  from each o t h e r  i n  

noble-gas r e l ease  temperature,  g ra in  s i ze ,  d e n s i t y ,  combus t ib i l i t y ,  and 

i s o t o p i c  composition. Pending f u r t h e r  c h a r a c t e r i z a t i o n ,  they are non- 

committally designated by Greek l e t t e r s .  

Table 2 l ists  t h e  e x o t i c  noble-gas components and t h e i r  c a r r i e r s ,  as 

well as two exo t i c  components o f  H and N t h a t  are no t  a s soc ia t ed  with noble  

gases. 

Two types of Ne-E a r e  d i s t ingu i shed ,  d i f f e r i n g  i n  r e l e a s e  temperature  

and c a r r i e r .  

experimental  l i m i t  f o r  Ne-E(H) i s  less s t r i n g e n t  (283%), i t ,  too ,  probably 

i s  pure Ne22. 

Ne-E(L) i s  v i r t u a l l y  pure (299%) Ne22, and though t h e  

The only p l a u s i b l e  source o f  monoisotopic Ne22is B+-decay 

22  of  Na ( t l I2  = 2.6a) .  The s h o r t  h a l f - l i f e  of Na22 impl ies  t h a t  i t  was 

synthes ized  and t rapped on an equal ly  s h o r t  time s c a l e ,  i . e .  under 

c a t a s t r o p h i c  condi t ions ,  presumably i n  a nova (Clayton and Hoyle, 1976; 

Arnould and Beelen, 1974). The high 6 C 1 3  va lues  c e r t a i n l y  are c o n s i s t e n t  

with a nova o r i g i n ,  bu t  t h e  expected high 6N1’ i s  y e t  t o  be confirmed, as 
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t he  samples analyzed were n o t  pure enough (Lewis e t  a l . ,  1983).  

The a s s o c i a t i o n  of Ne-E(H) with sp ine l  i s  less c e r t a i n  now than  

i t  was 2 years  ago. Niederer  e t  a l .  (1985) have found heavy C of 6 C 1 3 >  2000°/eo 

i n  Ne-E-bearing s p i n e l  f r a c t i o n s .  

i s  P resen t  as d i s c r e t e  g ra ins  c l ing ing  t o  o r  enclosed i n  s p i n e l  o r  

whether it is  d i s so lved  i n  s p i n e l  on an atomic scale.  

I t  i s  no t  clear whether t h i s  heavy carbon 

Xenon-S shows t h e  d i s t i n c t  s igna tu re  of t h e  s -process :  s t r o n g  

predominance of  even i so topes  over  odd ones (128, 130, 132 vs. 129, 131),  

r i se  from 128 t o  132 ,  and absence of Xe i so topes  t h a t  do n o t  l i e  on t h e  

s -process  pa th  (124, 126, 134, 136).  As t h e  s -process  is known t o  take p l a c e  i n  

r e d  g i a n t s ,  Xe-S must have formed in  a r ed  g i a n t .  O r i g i n a l l y ,  Swart e t  a l .  

(1983) i n f e r r e d  t h a t  Xe-S i s  loca ted  i n  CB, a type  of carbon s t r o n g l y  en r i ched  

i n  C13 (6C13 = +1400°/00), b u t  recent  work (Tang e t  a l . ,  1986) has decoupled 

t h e s e  two components, sugges t ing  ins tead  t h a t  Xe-S i s  loca ted  i n  carbon o f  

e s s e n t i a l l y  t e r res t r ia l  i s o t o p i c  composition ( C e ,  wi th  6C13 = -20°/oo). 

a s s o c i a t i o n  is c o n s i s t e n t  with astronomical obse rva t ions ,  as s -process  en r i ch -  

ments are observed i n  stars o f  high as wel l  as low C / C  . 

- 

E i t h e r  

1 2  1 3  

Both Xe-S and C8 could have been e j e c t e d  dur ing  t h e  r e d  g i a n t  s t a g e  ( r e d  

g i a n t s  l o se  mass a t  a rate of IO-' t o  IO-' M /a ,  forming c i r cums t s i ?a r  s h e l l s  

o f  g raph i t e  g r a i n s ) ,  But it is also p o s s i b l e  t h a t  t h e  Xe-S was e j e c t e d  only 

l a t e r ,  and was t rapped  by ion  implantat ion i n  i n t e r s t e l l a r  d u s t .  

0 

The nuc leosyn the t i c  o r i g i n  of Xe-HL i s  less well understood,  though a 

supernova, with h igh  rates o f  neutron cap tu re  and photonuclear  r e a c t i o n s ,  

may provide t h e  r i g h t  environments f o r  s imultaneous enrichment of  heavy 

and l i g h t  i so topes  (Heymann and Dziczkaniec, 1979).  One i n t e r e s t i n g  c l u e  

i s  t h e  lack o f  enrichment a t  mass 129 r e l a t i v e  t o  128 o r  130, a l though mass 

129 - i n  c o n t r a s t  t o  t h e  o the r s -o r ig ina l ly  forms n o t  as xenon b u t  as a long- 

l i v e d  iod ine  i so tope  (t = 16 x 10 a ) .  Apparently t h e  atoms were t rapped  

by a chemically non-se lec t ive  process ,  such as ion  implanta t ion  ( L e w i s  and 

6 
1 / 2  
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Anders, 1981). 

-10 km/s,  overtook a s h e l l  of carbon g ra ins  e j e c t e d  a t  t h e  presupernova s t a g e  

( D . D .  Clayton, 1982). I t  i s  i n t e r e s t i n g  i n  t h i s  connection t h a t  a 

s i g n i f i c a n t  f r a c t i o n  of  i n t e r s t e l l a r  carbon g ra ins  appears t o  be only 10 - 151( 

i n  s i z e  (Sel lgren,  1984; L6ger and Puget, 1984, L6ger and d'Hendecourt ,  1985) 

c lose  t o  the observed 201 s ize  of C 6 .  

This could happen if t h e  supernova e j e c t a , ,  t r a v e l l i n g  a t  
4 

Deuterium enrichments of up t o  SOOOo/o, have been found i n  s tepped combus- 

t i o n  o r  pyro lys i s  o f  t h e  organic  polymer from p r i m i t i v e  chondr i tes  

(Kolodny e t  a l . ,  1981). Although such enrichments could,  i n  p r i n c i p l e ,  be 

achieved by equi l ibr ium f r a c t i o n a t i o n s ,  rates a r e  far  t o o  low a t  the  requi red  

temperatures of -100 K (Geiss and Reeves, 1981).  More probably,  these  

enrichments werecausedby ion-molecule r eac t ions  (Kolodny e t  a l . ,  1980; 

Geiss and Reeves, 1981),  which are be l ieved  t o  be r e spons ib l e  f o r  t h e  even 

g r e a t e r  D-enrichments i n  i n t e r s t e l l a r  molecules (Smith, 1986). The observed 

enrichment f a c t o r  o f  -50 r e l a t i v e  t o  g a l a c t i c  hydrogen (Fig.  6) might 

r ep resen t  e i t h e r  formation of t h e  e n t i r e  polymer by ion-molecule r e a c t i o n s  

a t  a r a t h e r  high temperature (-60 K )  and consequently small f r a c t i o n a t i o n ,  

o r  admixture of a minor amount o f  h ighly  enriched material ,  i . e .  polymerized 

i n t e r s t e l l a r  molecules. 

The l a t t e r  p o s s i b i l i t y  seems more l i k e l y .  On a c i d  t rea tment  o r  ox ida t ion ,  

t h e  D-rich mater ia l  reacts p r e f e r e n t i a l l y ,  which sugges ts  t h a t  it con t r ibu te s  

a minor f r a c t i o n  of t h e  t o t a l  (McNaughton e t  a l . ,  1982; Yang and Eps te in ,  1984).  

Deta i led  s t r u c t u r a l  analyses  of t h e  polymer show t h a t  while  most of it i s  

aromatic ,  as discussed i n  § 3 ( d ) ,  a minor p a r t  (-1%) i s  a c e t y l e n i c  (Hayatsu e t  a l . ,  

1983).  

CmCN (m = 3 - 6) ,  which a r e  c l o s e l y  r e l a t e d  t o  polycyanoacetylenes [H(C 

The l a t t e r  component y i e l d s  fragments such as CmH (m - = 3 - 10) and 

C)nCN], 
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a prominent class of i n t e r s t e l l a r  molecules ranging up t o  n = 6 .  - 
A s t r i k i n g l y  l a r g e  enrichment of N1' (up t o  973°/00) has been found i n  

t h e  b r e c c i a t e d  s tony  i r o n s  Bencubbin and Weatherford (Prombo and Clayton, 1985) .  

The na tu re  of  t h e  carrier i s  not  known. 

t h e  s i l i c a t e s  may be r e l a t e d  t o  C2R and C2M chondr i t e s ,  and t h e r e  are 

By t h e i r  oxygen i so tope  composition 

sugges t ions  t h a t  t h e  metal clasts may be d i r e c t  nebular  condensates (Newsom and 

Drake, 1979). B u t  o therwise t h e s e  meteor i tes  are far  from p r i m i t i v e ,  having 

undergone seve re  b r e c c i a t i o n  and perhaps impact me l t ing  (Kallemeyn e t  a l . ,  

1978). A t  p r e s e n t ,  it is  no t  poss ib le  t o  dec ide  whether t h e  n i t rogen  anomaly 

i s  nuc lea r  o r  chemical, i . e .  produced by ion-molecule r e a c t i o n s  i n  a molecular 

cloud (Prombo and Clayton, 1985). 

5 .  Comets 

We a l ready  know t h a t  t h e  "rock" f r a c t i o n  o f  comets i s  approximately 

c h o n d r i t i c ,  and t h a t  t h e  "ice" f r a c t i o n  d i f f e r s  apprec iab ly  from t h e  

equ i l ib r ium composition p red ic t ed  by Fig.  1, s i n c e  it conta ins  mainly C02 

r a t h e r  than  CH4 as  well as formaldehyde and o t h e r  

(Delsemme, 1982; Huebner e t  a l . ,  1982). For f u r t h e r  c h a r a c t e r i z a t i o n  of  

molecules 

comets, we would l i k e  t o  know t o  what ~ X L G I I L  L - - L  &I.-*- L~~~~ d..QIv.u c h - - - A  t h o  _.._ ffreprc)CeSsingff 

2+ 
of chondr i tes  (Anders, 1986).  Do comets conta in  chondrules,CAI, Fe - r i c h  s i l icates ,  

hydra ted  minera ls ,  magnet i te ,  e t c . ?  Were they  ever  exposed t o  l i q u i d  water?  

Have they  been metamorphosed? 

con ta in?  

1975) o r  s t r a t o s p h e r i c  dus t  p a r t i c l e s  (Brownlee, 1986; Fraundorf and Sh i r ck ,  1979),  

and o t h e r s w i l l  undoubtedly come from t h e  Vega and Gio t to  missions.  

of t h e  answers w i l l  r e q u i r e  a sample r e t u r n  mission.  

What kinds o f  o rgan ic  compounds t o  they 

Some c lues  have a l ready  been obta ined  from meteor s p e c t r a  (Wilkening, 

But most 
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Such a mission i s  even more e s s e n t i a l  i f  we want t o  s tudy t h e  

i s o t o p i c  record of  comets, p a r t i c u l a r l y  i t s  p r e s o l a r  p a r t ,  which ought t o  

be c l e a r e r  and more d ive r se  than t h a t  i n  me teo r i t e s .  

f o r  Mg (Esat e t  a l . ,  1979) and H (McKeegan e t  a l . ,  1985) -have a c t u a l l y  

been de tec ted  i n  s t r a t o s p h e r i c  dus t  p a r t i c l e s ,  a t  least  some o f  which are 

thought t o  be of cometary o r i g i n  (Brownlee, 

are s o  small (<lO-’g) t h a t  only a few o f  t h e  most abundant elements can be 

analyzed i s o t o p i c a l l y .  

unique p r e s o l a r  p a r t - w i l l  remain i n a c c e s s i b l e  t o  us  u n t i l  a comet sample 

i s  r e tu rned  t o  Earth.  

Two i s o t o p i c  anomalies - 

1986). However, t h e s e  p a r t i c l e s  

The remainder o f  t h e  cometary record - i n c l u d i n g  the  

Acknowledgement. This work was supported i n  p a r t  by NASA Grant NAG 9-52. 
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TABLE 1. CARBON I N  CHONDRITES 
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Figure Captions 

Fig.  1. Equi l ibr ium condensation o f  a s o l a r  gas expla ins  t h e  composition 

o f  p l a n e t s ,  a t  l e a s t  t o  f irst  o rde r .  Inner  p l a n e t s  c o n s i s t  o f  rock,  comets 

and s a t e l l i t e s  of o u t e r  p l a n e t s  c o n s i s t  o f  rock and ice ,  and the  o u t e r  p l ane t s  

c o n s i s t  o f  a l l  3 .  

Fig. 2.  IIRock" po r t ion  o f  t he  diagram i n  F ig .  1, on l i n e a r  s c a l e s  

( a f t e r  Grossman and Larimer, 1974).  Below -700K, metal  begins  t o  r e a c t  wi th  

H 2 0  and H2S i n  the  nebula ,  y i e l d i n g  FeO (which e n t e r s  s i l i c a t e s )  and FeS. 

The mineral  assemblage a t  400 -500 K resembles t h a t  o f  ord inary  chondr i t e s .  

Below 400 K ,  many major changes t ake  p l ace ,  y i e l d i n g  a mineral  assemblage 

resembling t h a t  of carbonaceous chondr i tes .  

Fig.  3 .  Chemical s t a t e  of  carbon i n  t h e  s o l a r  nebula ( a f t e r  Hayatsu 

and Anders, 1981). 

o f  t h e  carbon should have r eac t ed  according t o  the  equi l ibr ium shown, 

each f i e l d ,  the p r i n c i p a l  s t a b l e  products  a r e  shown i n  roman type and 

metastable  products ,  i n  i t a l i c s ;  those  t h a t  do no t  form f o r  k i n e t i c  reasons a r e  

enclosed i n  bracke ts .  

isothermal  compression. 

Each s o l i d  l i n e  gives  t h e  temperatures a t  which 50% 

In  

This diagram app l i e s  t o  i s o b a r i c  cool ing  as well as t o  

CO survives  down t o  400 K ,  owing t o  the  lack  of  good c a t a l y s t s .  A t  

t h i s  temperature,  c l ays  form from anhydrous s i l i c a t e s ,  ca t a lyz ing  hydrogenation 

o f  CO t o  complex organic  compounds (Fischer-Tropsch r e a c t i o n ) .  

The chemical s t a t e  o f  carbon i n  C-chondrites agrees  wi th  t h a t  p r e d i c t e d  

from t h e i r  formation condi t ions  ( ind ica t ed  by boxes) ,  as i n f e r r e d  from var ious  

cosmothermometers and -barometers (Larimer, 1978).  C3 chondr i tes  con ta in  

mainly elemental carbon, whereas C 1  and C2 chondr i tes  con ta in  mainly o rgan ic  

carbon (Table 1 ) .  
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Fig .  4 .  Three- isotope p l o t  shows v a r i a t i o n  of  m e t e o r i t i c  0 l 8 / O l 6  and 

017/016 r e l a t i v e  t o  s tandard  mean ocean water (=SMOW). 

observed range f o r  i nd iv idua l  minerals;  main graph shows bulk me teo r i t e s  

I n s e t  g ives  t o t a l  - - - - 

o r  mat r ix .  A l l  terrestrial  samples l i e  on a mass- f rac t iona t ion  l i n e  of  

s l o p e  1 / 2 .  

l i e  on a mixing l i n e  o f  s lope  -1, corresponding t o  cons tan t  017/018but v a r i a b l e  

0l6. The la t te r  presumably comes from an 0 l6- r ich  component, t y p i f i e d  by 

Allende s p i n e l  (star i n  i n s e t ) .  A l l  me teo r i t e s  f a l l  o f f  t h e  t e r res t r ia l  

l i n e  t o  varying degrees ,  i nd ica t ing  t h a t  t h e i r  0 l6  contents  d i f f e r  from t h a t  of 

The anhydrous minerals  of C2-C4 chondr i tes ,  on the  o t h e r  hand, 

t h e  Ear th  and hence preclude a gene t i c  r e l a t i o n s h i p .  

F ig .  5 .  A few except ional  inc lus ions  f a l l  o f f  t h e  normal mixing i i n e ,  

and show mass f r a c t i o n a t i o n  and un iden t i f i ed  nuc lea r  effects ( = F U N ) ,  Bulk 

samples and separa tedminera ls  of  each inc lus ion  form l i n e a r  a r r a y s  converging 

- - - 

on a common p o i n t  H.  Presumably these  inc lus ions  first formed by mass 

f r a c t i o n a t i o n  of dus t  (composition A) along t h e  l i n e  AG, and l a t e r  p a r t i a l l y  

exchanged with nebular  gas H .  Sp ine l ,  with t h e  s lowest  exchange r a t e ,  

remained on t h e  o r i g i n a l  f r ac t iona t ion  l i n e ,  whereas more r e a c t i v e  minerals  

(mel i l i t e ,  pyroxene) moved toward H .  

-. rig. 6 .  jkdaljtzd frzm Geiss and Reeves, 1981) Organic polymer frac- 

t i o n s  from C-chondrites a r e  s t rongly  enriched i n  deuterium, up t o  32x r e l a t i v e  

t o  g a l a c t i c  hydrogen. Equilibrium i so tope  f r a c t i o n a t i o n s  can produce such 

enrichments,  bu t  only a t  temperatures o f  -100 K ,  where r a t e s  a r e  p r o h i b i t i v e l y  

slow (e .g .  t he  ha l f - t ime of  the  Fischer-Tropsch r e a c t i o n  a t  110 Kis -10 

More probably,  t h e  f r a c t i o n a t i o n  is due t o  ion-molecule r e a c t i o n s ,  which 

a r e  thought t o  be  respons ib le  for  t h e  l a r g e  (up t o  105-fold)  D-enrichments 

i n  i n t e r s t e l l a r  molecules. Only a minor, r e a c t i v e  p a r t  of t he  m e t e o r i t i c  

30 years!)  
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polymer seems t o  be enr iched  i n  D ,  and probably r ep resen t s  

s te l la r  molecules. 

i n  Fig.  3 .  

r e l i c t  i n t e r -  

The major p a r t  appears t o  be o f  l o c a l  o r i g i n ,  as o u t l i n e d  
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